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ABSTRACT
The purpose of this investigation was to study the
ability of water treatment processes, especially coagulation
and chlorination, to remove trace organic materials from raw
river water.

Trace organic concentrations were determined

using the Organics-Carbon Adsorbable (0-CA) technique, a
miniaturized Carbon Adsorption Method (CAM) .
Missouri River raw and treated water, obtained on 3
different dates at the Jefferson City, MO, water treatment
plant, was used.

The effect of various treatment steps,

including settling, softening with lime, coagulating with
copperas or alum over a range of doses, and chlorinating at
the dose necessary to give a free residual of 2 mg/1 was
evaluated.

The concentrations of Carbon Chloroform Extract

(CCE) and Carbon Alcohol Extract (CAE)

in the laboratory-

treated water, as well as in the river and plant-filtered
water, were determined.
Water treatment was found to be relatively ineffective,
and the concentration of trace organics in the filtered
water was generally higher than the corresponding values in
the raw river water, however, this might have been due to
the interference of turbidity with the 0-CA method.

Turbidity-

causing particles reduced the recovery efficiency of the
method by blocking adsorption sites on the activated carbon,
and this effect was more prevalent in the raw water.
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I~

INTRODUCTION

Drinking water sta,ndards( setting limits on contaminants,
must be constantly evaluated and revised if they are to be
effective in protecting public health.

This process becomes

more critical as the demand for water increases, and the
concomitant intensified reuse of this limited natural
resource introduces a greater probability of contamination.
The Committee on Pollution Parameters of the American Water
Works Association (AWWA) (1) recently outlined the research
and development needed to establish stricter drinking water
standards.

These include the definition of the parameters

or testing procedures used to measure contaminants in water;
the identification and quantification of the trace chemicals
and determination of their long-term physiological effects;
and the development of treatment processes to remove these
pollutants from our water supplies.
Trace organic contamination is an area where these
research and development objectives should be applied.

As

early as 1961, organic micropollutants were reported to be
responsible for taste and odor, off-taste in fish, fouling of
ion exchange resins, foaming, high chlorine demand, and
coagulation problems

(~).

Fish kills of large magnitude in

the lower Mississippi River have also been attributed to an
accumulation of organic pesticides in the fish (3) (4).
Realizing the significance of trace organics in water
supplies- Middleton, et al. (5) in the early 1950's developed

--

the carbon adsorption method (CAM) to measure this
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contaminant.

This method involved passing 5,000 gal

(18,900 1)

of water through a column of activated carbon at a flow rate
of

0~25

gpm (945 ml(m.inl ..

Chloroform was the solvent used to

recover the organics adsorbed on the carbon.

Later studies

(6) indicated that more organics would be adsorbed on the
carbon if the water were passed through the sampler at a
lower rate, and this led to the development of the low-flow
CAM.

By using a filtration rate of 120 ml/min, the water

remained in contact with the carbon for 5.3 min which was
much longer than the 0.6 min contact time provided in the
older, high-flow CAM.

Despite this improvement, the low-flow

CAM still had its disadvantages:

the sampler was cumbersome,

the large activated carbon volumes used required large, expensive extraction apparatus and fume hoods, and the extraction
procedure was vague and ambiguous in many details

(7).

In order to i .m prove the ability of the CAM to monitor
trace organics and make its application more universal,
Buelow, et al.(7) developed a miniaturized CAM sampler.
Their ob.jectives were to reduce the size of the sampler and
associated equipment, enhance its adsorption efficiency, and
make the extraction process easier.

They selected 70 g of

activated carbon as a convenient amount for extraction, and
set the volume of water to be passed through the sampler at
60 1.

This volume was chosen because it was large enough

to yield a quantity of extracts that could be weighed on an
analytical balance{ while being small enough to avoid excessive los$ of organics.

A flow rate of 20

ml/~Q

allowed the
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water to be in contact with the carbon 3.9 min.

The authors

also defined the procedure for the solvent extraction of the
carbon and recommended use of 450 extraction cycles with
chloroform followed by 450 cycles with ethyl alcohol.

After

450 cycles, they found that there was very little gain in
extract weight.
Buelow, et al.

This modification, which was termed by
(7) the Organics-Carbon Adsorbable (0-CA)

method, has made the CAM more convenient and reliable.

The

advantages of the 0-CA determination become obvious in the
following comparison to the previous methods (7) (8).

Variables
Flow rate, ml/min
Carbon contact time, min
Volume sampled, 1
Sampling time, days
Solvent extraction with
Followed by
Extraction time, hr
chloroform
ethyl alcohol
Extraction cycles

Carbon Adsorption Method
High-flow Low-flow
0-CA
945
0.6
18,900
14
CHCl3

120
5.3
1,200

20
3.9
60

7
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CHCl3
C2HsOH

35
undefined

CHCl3
C2HsOH

35
40
24
44
undefined 450/solvent

With the advent of the improved 0-CA method, new drinking water standards for trace organics have been proposed by
the

u.s.

Environmental Protection Agency (EPA)

(9).

The new

limits are 0.7 mg/1 for carbon chloroform extract (CCE) and
3.0 mg/1 for carbon alcohol extract

(CAE).

Although the pro-

posed CCE value is higher than the existing 0.2 mg/1 limit
established by the U.S. Public Health Service (PHS)

(10)

in

1962 on the basis of the high-flow CAM, the proposed standard

is stricter because of the

i~p~oved

recovery efficiency of
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the minisampler.
The CAM has enabled the recovery and subsequent identification of specific organic contaminants in water supplies.
By 1960, chlorinated pesticides (including aldrin and DDT),
and simple hydrocarbons (including aldehydes, ketones, and
alcohols) were found to be present in CCE (11) , while alkyl
benzene sulfonate (a synthetic detergent) was identified in
CAE (12).

In recent years the list of organic chemicals

found in CCE and CAE has been expanded to include approximately 40 compounds, including many odorous and potentially
toxic organics (13) •
Toxicological studies have established that trace
organics are toxic to fish.

Smith and Grigoropoulos (14) (15)

used a modified, large-volume CAM to recover organic micropollutants from surface and subsurface Missouri waters, and
then redissolved these extracts in stock solutions of higher
concentration.

They reported that subsurface CCE and CAE,

when combined in the same proportion as recovered from the
water, were toxic to the test fish.

The CCE recovered from

a treated surface water was toxic at significantly lower
concentrations.

Subsurface organics appeared to clog the

gills and physically block oxygen transport. while surface
organics disrupted respiratory enzyme activity.

These

authors (15) also presented a mathematical model which could
be used to predict the long-term toxic effects of these
contaminants on the basis of short-term bioassays.
Sproul and Ryckman (16), using similar procedures, found
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that organic extracts obtained from river water below a
metropolitan area were toxic to fish, while those recovered
above the city were not.

This study also indicated that man-

made organics were a major source of toxic organic contaminants.
The CAM has proved to be a useful tool in the research
and development needed to establish drinking water standards:
it has been developed as a reliable parameter for measuring
trace organics; it has enabled the identification of specific
chemicals in water; and it has made the performance of
toxicological studies possible.

The minisampler provides a

unique advantage for meeting another research and development need, the development of treatment processes to remove
these contaminants.

Previous laboratory studies (17) (18) (19)

have evaluated the removal or destruction of trace organics
by adsorption (on activated carbon and silt), coagulation
(with alum and ferric sulfate), and oxidation (with chlorine,
chlorine dioxide, and potassium permanganate) using reconstituted solutions of CCE and CAE of concentrations higher than
those found in natural waters.

A

limited number of field

studies have also been reported (13) which employed the
0-CA method to monitor the removal of trace organics by
activated carbon beds used in taste and odor control.

The

minisampler uses only 60 1 of water, and this volume is small
enough to allow the direct application of treatment processes
on natural water under the controlled conditions of a laboratory.

It is now possible to study the effect of treatment
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on trace organics in their natural environment.
The purpose of this investigation was, therefore, to
study the ability of chemical treatment processes, especially
chlorination and coagulation, to remove trace organics.

Par-

ticular emphasis was placed on simulating the treatment that
would be applied in a treatment plant, and establishing the
mechanism of removing trace organics by coagulation.

In

addition, the effect of turbidity on the ability of the
minisampler to recover trace organics was evaluated.

Missouri

River water and treated water obtained from the Capital City
Water Treatment Plant in Jefferson City were used.
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II.

LITERATURE REVIEW

The purpose of this literature review was to obtain
information on the factors affecting the adsorption of
trace organics on activated carbon and on past studies dealing
with the removal of these micropollutants by water treatment
processes.
A.

FACTORS AFFECTING CARBON ADSORPTION

In order to be able to ascertain whether the treatment
processes studied actually removed trace organics, or simply
appeared to do so by inhibiting the ability of the minisampler to recover these substances, it was important to know
the variables which affected carbon adsorption.

According to

Weber (20) (21) the rate of adsorption and ultimate capacity
of the carbon to adsorb organics is affected by:

adsorbent

surface area, pH, temperature, nature and concentration of
solute.
An

elementary rule of adsorption is that the greater the

surface area, the greater the rate of and capacity for adsorption.

The surface area of activated carbon has been reported

to be approximately 1,000 sq m/g (20).

This tremendous area

is due to the highly porous structure formed in the activation
and carbonization steps.

During carbonization most of the

non-carbon elements are removed and the elemental carbon is
grouped into graphitic crystallites.

During activation the

disorganized (amorphous) carbon within the interstices of the
graphitic crystallites is burnt out.

Smisek and Slavoj

(22)

have classified the pore structure of activated carbon into
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the following types:
Type

Size

Macro

50-100 :.m'J..l

Micro

1.8-2.0 mp

Characteristics
Low specific surface
area (surface area to
volume ratio)
Specific surface area
of micropores amounts
to 95% of the total
specific surface area
Capillary tubes connecting the pores

Transitional

The surface area can be increased by increasing the percentage of the micropores in the carbon or decreasing the
particle diameter.
Lowering the pH increases the adsorptive rate due to
the electrokinetic properties of the solid-liquid interface
(21).

Adsorption on the surface of the carbon is mainly of

the physical or Van der Waals type.

A decrease in pH would

act to neutralize the charge on the surface of the carbon,
making adsorption easier (21).
With increasing temperature, the rate of adsorption is
increased, while the capacity is decreased.

According to

Weber (20) , 3 kinetic stages are involved in the adsorption
of a solute on activated carbon:

transport to the exterior

surface of the carbon, diffusion into the pore spaces, and
adsorption on the interior surfaces.

He reported that the

diffusion step was often the rate-limiting mechanism and that
by increasing the temperature the diffusion rate and therefore the overall rate of adsorption would increase.

However,

since adsorption is an exothermic reaction, the capacity for
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adsorption will decrease in accordance with Le Chatalier's
principle (23).

Weber further reported that temperature

variations normally occurring in water and wastewater would
not significantly affect adsorption.
The capacity of the carbon is inversely related to the
solubility of the solute, and the rate of adsorption is
affected by the size and shape of the solute molecule (24).
When the solvent is water, non-polar or hydrophobic molecules
would be adsorbed to a greater extent than
cules.

~ydrophilic

mole-

The size and shape of the solute molecule would

affect the transport rate and therefore the overall rate of
adsorption.
Both the rate of and capacity for adsorption will increase with increasing concentrations of solute (24).

The

concentration of solute in the liquid which is in equilibrium
with the amount of solute adsorbed on the carbon can be
expressed using isotherm equations.

Two equations widely

applied to define adsorption from dilute solutions were
developed by Langmuir and Freundlich (25) :
X

abC
l+bC

X

kCn

Langmuir:

~=

Freundlich:

~=

=
=
c =
a,b,k,n =

where, X
M

amount of solute adsorbed, g
weight of adsorbent, g
equilibrium concentration, mg/1
empirical constants

In addition to the previously mentioned factors which
influence the capacity of the carbon and rate of adsorption,
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turbidity is another condition which interferes with the
process of adsorbing trace organics.

Rock, et al.

(26) have

studied the effect of turbidity in the Missouri River on the
determination of trace organics using a high-flow CAM.

They

employed a battery of parallel systems providing different
degrees of clarification, as well as capability for the
acidification of the river water prior to passing it through
the carbon column.

When turbidity accumulation on the

activated carbon resulted in an appreciable headloss, the
column was backwashed with the influent water.

These

investigators evaluated turbidities ranging from 150 (raw
river water) to 2 units at pH values of 7.0 to 8.0 (natural)
and 2.5 (acidified).

They found that under acidic conditions

turbidity removal produced significant increases in the
amount of recovered organics; however, at the natural pH
turbidity removal had no effect.

Rock, et al.

(26) proposed

that at the low pH coagulation of the turbidity occurred,
forming floc large enough to block the adsorption sites of
the activated carbon.
Besides the possibility of site blockage, another effect
of turbidity on the CAM would be the contribution of organics
adsorbed on the turbidity particles.

There is evidence to

indicate that turbidity-causing particles in Missouri River
water do contain adsorbed organics.

Chang (27), who studied

the recovery of organic pollutants by solvent extraction,
reported that turbidity had a significant effect on recovery.
In an attempt to delineate this effect, he filtered 45 1 of
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Missouri River water with a turbidity of 600 units, and then
sequentially extracted the glass wool and turbidity particles with chloroform and benzene.

The concentrations of

the chloroform and benzene . extracts recovered in this process
were 91.1 and 71.1

~g/1,

respectively.

Huang and Cheng (28) have shown that clay minerals
adsorb pesticides.

In studies using illite, kaolinite, and

montmorillonite they found that DDT, dieldrin, and heptachlor
were easily adsorbed.

Rock, et al.

(26) have reported that

75 percent of the bottom sediment in the Missouri River was
montmorillonite and the remaining 25 percent was made-up of
illite and kaolinite.
Erdei (29) has reported that a relationship existed
between Missouri River silt and taste and odor problems.

He

found that an increase in turbidity invariably accompanied
an increase in chemical oxygen demand (COD) and threshold
odor No.

(TO No.).

Even increased turbidity in the finished

water resulted in increased odor and customer complaints.
Erdei proposed that odor producing substances attached themselves to turbidity particles.
B.

REMOVAL OF TRACE ORGANICS IN WATER TREATMENT
Limited information was found in the literature on the

removal of trace organics in water treatment.

Processes

which have been studied include adsorption, chemical coagulation (primarily for the removal of color-causing organics) ,
and oxidation.
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1.

Adsorption Studies
Most of the water treatment plants in the United States

are practicing taste and odor control by the addition of
powdered activated carbon (13).

However, about 40 plants are

using granular activated carbon, either alone or on top of
sand, as a filtration and adsorption medium.

While the

primary reason for using the carbon is to reduce taste and
odor, organic matter is also removed.
Studies at the Lawrence, MA, water treatment plant were
conducted to monitor a new activated carbon filter bed used
for the removal of trace organics, as well as for taste and
odor control (13).

The bed consisted of 24 in. (60 em) of

activated carbon, 6 in.
of graded gravel.

{15 em) of sand, and 15 in.

(38 ' em)

Using the 0-CA method, average influent

CCE and CAE concentrations of 0.8 and 4.0 mg/1, respectively,
were measured during a 48-wk test period.
trace organics did not last long:

The removal of

CCE removal dropped from

around 90 percent to zero within 14 wk, while CAE removal
went from approximately 40 percent to zero in only 9 wk.

On

the other hand, taste and odor control using a similar, new
filter was effective for 78 wk.
A s.tudy by Dornbush and Ryckman (17) of physical chemical
processes suggested, however, that on a comparative basis
activated carbon was the most effective means for removing
trace organics.

Using a modified high-volume CAM, they

recovered CCE and CAE from Missouri River water.

They then

combined these extracts in the same proportion as they were

13

found in the river, and dissolved them in organic-free river
water.

The trace organics in this

modif~ed

river water were

highly concentrated, having a COD of approximately 50 mg/1.
Dornbush and Ryckman investigated the removal of trace
organics by adsorption on activated carbon, bentonite, and
silt, and by coagulation with alum and ferric sulfate.

They

evaluated treatment effectiveness using absorbance at 250
on an ultraviolet spectrophotometer, COD, and TO No.

m~

They

found that only activated carbon was effective in reducing
COD and TO No., while carbon and the coagulants were effective in reducing absorbance.

Bentonite and silt did not

significantly reduce the organic concentration by any parameter.
2.

Coagulation Studies
The effect of coagulants on organics in water has been

studied extensively only in the area of organic color removal.

Organic color in water supplies has been attributed to

humic substances formed by the natural degradation of soils
and plants (30) , and has generally been considered to be of
a colloidal nature (31) .
Black, et al.

(31) have studied the coagulation of

organic color with ferric sulfate by measuring the zeta
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potential* of the colloidal suspension.

According to the

colloidal theory, the best removal should have occurred at
the minimum particle charge or zeta potential, when the
repulsive forces preventing agglomeration would have also
been at a minimum.

However, Black, et al.

this was not the case.

(31) found that

This finding was confirmed by Singley,

et al • .(33) who also investigated the removal of color with
ferric sulfate.

The colloidal theory cannot completely

explain the removal of organic color.
Stumm and Morgan (34) and Hall and Packham (35) have
proposed that organic color is removed by precipitation
rather than charge neutralization.

According to these

investigators, the coagulant metal ions reacted chemically
with the functional groups of the organic color to form an
insoluble precipitate.

Shapiro (36) has also questioned the

colloidal theory of color.

His research indicated that it

was the · presence of iron in the water that made color

*

Zeta potential is a measure of the magnitude of charge
on a colloid and its resultant stability, or ability to
remain in suspension; i t is determined by measuring the
particle velocity in an electrophoresis cell under an
applied potential gradient and using the following
equation (32) :
Z
where, z
E
n
X
~

=

4~n~

XE

= zeta potential, v
= dielectric constant

=
=
=

viscosity of the medium, poises
applied potential gradient, v/cm
electrophoretic mobility, em/sec
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colloidal due to some complex reaction, and that color itself,
without the presence of iron, could not be coagulated with
other metal ions.
3.

Oxidation Studies
Grigoropoulos and Ryckman (18) have studied the capa-

bilities of chlorine and chlorine dioxide to oxidize and
remove taste and odor-causing substances using modified
river water samples containing 1 and 10 mg/1 CCE.

The·:

organic extract was a composite of material obtained from
Missouri River water with the high-flow CAM.

They con-

ducted their studies at the pH of 10 and at temperatures of
5 and 30 °C, and monitored the oxidation of the extract by
means of Van Slyke carbon (37) and TO No. determinations.
They found that the organic micropollutants were resistant to
chemical oxidation and that neither oxidant reduced the odor
intensity substantially.

Application of chlorine concentra-

tions of up to 40 mg/1 resulted, after 4 hr detention, in
carbon removals of approximately 20 and 50 percent, respectively.

The corresponding reduction in TO No. was around 90

percent for both oxidants.

Grigoropoulos and Ryckman (18)

proposed that a limited protion of the extract was oxidized
within 10 min after the application of the oxidants; and that
additional oxidation, chlorination, and substitution resulted
with further detention time.

In an earlier study on the

oxidation of nitrogenous material, these authors

(38) had

found that the rate of oxidation decreased with time and
depended on the nitrogen to chlorine or chlorine dioxide
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ratio.
Spicher and Skrinde (19) studied the oxidation of
organic extracts with potassium permanganate.

Oxidation was

indirectly measured by determining the amount of potassium
permanganate utilized.

They reported that in the range of

0 to 100 mg/1, the concentration of the oxidant affected the
extent of oxidation.

Permanganate utilization after 2 hr

was found to be directly proportional to the 0.3 power of
the amount added.

Oxidation was not instantaneous; in fact,

solutions that showed very little utilization after 6 hr did
show some utilization after several days.

The extent of

oxidation was greater for those extracts having the greater
COD.
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III.

MODE OF INVESTIGATION

The purpose of this investigation was to study the
ability of water treatment processes, especially chlorination
and coagulation, to remove trace organics from raw water.
An additional objective was the evaluation of the effect of
turbidity on the recovery of trace organics by the 0-CA
technique.

Missouri River water and treated water obtained

from the Capital City Water Treatment Plant in Jefferson City
were used in this work.
A.

RECOVERY OF TRACE ORGANICS
The 0-CA method developed by Buelow, et al. (7) was used

to recover trace organics.

It consisted of passing the

water sample through the activated carbon column of the
minisampler and collecting i t in a volumetric drum, removing
and drying the carbon in an oven and sequentially eluting i t
with chloroform and etpyl alcohol to obtain the CCE and CAE
materials.
1.

Equipment
The minisampler was constructed using instructions re-

ceived from EPA.*

The sampler, which is shown in Figure 1,

consisted of a teflon gear positive displacement pump;** a
1.3-1 main head tank and a 90-ml sample feed tank which were
used to maintain constant flow rates through the sampler

A parts list and construction drawings were obtained from
the Standards Attainment Branch, Water Supply Research
Laboratory, National Environmental Research Center, u.s.
EPA, Cincinnati, ea .
A
produe,t of the Micropump Co., Concord, CA.
**

*
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during flushing and normal operation of the carbon column;
a 160-ml sample column (5.7-cm ID, 7.6-cm high) which contained the activated carbon; a solenoid valve* and 2 timers**
(30-min and 15-sec variable delay) which activated the
normally-closed solenoid valve during flushing; a 30-gal
(114-1)

sample drum and a 55-gal (208-1) volumetric drum

which was used to collect and measure the sample passed
through the column.
The main head tank was made of a polyvinyl chloride
(PVC) chemical tank [4.0-in.

(10.2-cm) IDl cut to 6.5 in.

(16.5 em); an 80-mesh stainless steel screen vertically
divided the tank into 2 sections and prevented coarse
material from entering the discharge section.

The sample

feed tank and sample column were made of 1.5-in.
2-in.

(3.8-cm) and

(5.1-cm) PVC pipe nipples with capped ends; 40-mesh

stainless steel screens were inserted at both ends in the
sample column to contain the activated carbon.
and volumetric drums were epoxy coated.

The sample

The interior of the

drums was sand blasted and then coated with 1 coat of primer#
and 2 coats of finish;~ with a 24-hr air-drying period
between coats; the drums were finally heat-cured at 200°F
(93.3°C) for 24 hr by blowing the hot air [500°F (200°C)] of
a heat gun into them.

The volumetric tank was calibrated in

* A product of the American Switch Co., Florham Park, NJ.
**Products of the General Time Co., Terrington, CT.
i
Phenoline 368 primer and Phenoline X230l-113 finish, products of the Carboline Co., St. Louis, MO.
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1-1 units and was provided with a transparent tube water-level
indicator.

The intake and discharge pump lines were 0.25-in.

(0.63-cm) teflon tubing, the overflow lines were 0.375-in.
(0.95-cm) teflon tubing, and all other piping was 0.25-in.
(0.63-cm) copper tubing.
Water was pumped from the sample drum to the main head
tank and then moved by gravity to the sample feed tank.
During normal operation, the water flowed from the feed tank
to the sample column at a rate of 20 ml/min and the effluent
from the column was collected and measured in the volumetric
drum.

During the flushing operation, the solenoid valve

opened and allowed water from the main head tank to flush
through the column at a rate of 400 ml/min.

This high flow

rate (20 times the normal rate) lifted the carbon bed,
cleaning it and preventing air pockets from forming.

The

used flushing water was also collected in the volumetric
drum.

Flushing occurred at 30-min intervals for 7 to 8 sec.

This operational procedure was essentially as described by
Buelow, et al.

(7), except that overflows from the feed tanks

were returned to the sample drum rather than being wasted.
Saving the overflows was necessary because of the difficulty
of bringing large volumes of water to the laboratory.
A battery of 3 Soxhlet extractors with Allihn condensers

*

(Pyrex No. 3840*)

(Figure 2) was used to elute the

A product of the Corning Glass Works, Corning, NY.

Left to right: a) ca~bon elution, b) sotvent stripping, c) extract drying
Figure 2. Elution of Trace Organics
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activated carbon and stream sediments used in this study.
Each extractor was equipped with a heating mantle (Glas-Col
Series S*) and a variable transformer.**

Two distillation

apparatus, each consisting of a 300-ml boiling flask, a heating mantle (Glas-Col Series M*), a variable transformer,** a
connecting tube (Pyrex No. 9050#) , a Graham condenser (Pyrex
No. 2540#), and a receiving beaker, were employed to strip
the solvent off the solvent-organic extract mixture.

The

temperature of each heating mantle was controlled by a transformer and could be measured by connecting its thermocouple
to an indicating pyrometer.**

The organic extracts were air-

dried (Figure 2) to remove the remaining solvent.

A tube

packed with glass wool and activated carbon filtered the air
used for drying.

Copper tubing fitted into bored-out stoppers

directed the air into the tared vials containing the organic
extracts.
2.

Materials
Filtrasorb 200,+ a granular, 14x40-mesh, coal-based

activated carbon, was used in the sample column of the minisampler.

Since the activated carbon contained organic im-

purities, solvent extractions were made on a number of 70 g
samples of the carbon.

These were the blank values used in

the calculation of CCE and CAE.

The carbon was received in

2 batches from the manufacturer and the 2nd batch was
* A product of the Glas-Col Apparatus Co., Terre Haute, IN.
** Powerstat, a product of the Superior Electric Co.
Bristol, CT.
i
A product of the Corning Glass Works, Corning, NY.
##Model 32-J, a product of the Fisher Scientific Co.,
Pittsburgh, PA.
+ A product of the Calgon 'corp., Pittsburgh, PA.
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supplied with predetermined CCE and CAE blank values.

How-

ever, the manufacturer's values could not be reproduced in
the laboratory, and were not used.

The blank values deter-

mined are shown below:
Test
No.

Batch A
CCE*
CAE*

Batch B
CCE*
CAE*

3
4
5

0.0067
0.0015
0.0019
0.0026
0.0033

0.0176
0.0188
0.0162
0.0207
0.0191

0.0050
0.0071
0.0052
0.0064

0.0179
0.0171
0.0158
0.0153

Avg

0.0032

0.0185

0.0059

0.0165

0.0028

0.0332

1
2

Manufacturer's
value

*Expressed in g CCE or CAE/70 g activated carbon.
Analytical grade chloroform and 95 percent ethyl alcbbQl
were the organic solvents used to elute the activated carbon.
Occasionally, the chloroform distillate collected after
extraction was reused, but the ethyl alcohol never was.
Buelow, et al.

(7) have found, from gas chromatographic

studies, that the chloroform distillate contained an insignificant amount of impurities; however, the ethyl alcohol
distillate contained significant amounts of chloroform.
3.

Procedures
The recovery of trace organics from a sample began by

passing the water through the activated carbon column of the
minisarnpler.

At a normal flow rate of 20 ml/min, 48 hr were

required for filtration of the recommended 60-1

volume ~,

(24

hr for the 30 1 used in part of the study to conserve sample) •
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The carbon was then removed from the column, transferred to
a stainless steel drying tray, and dried at 40°C in a drying
oven for a period of at least 24 hr but not more than 72.
If the extraction procedure were to be delayed, the dried
carbon was stored at 4°C in stoppered erlenmeyer flasks.
The dried activated carbon was placed in fat-free paper
thimbles and sequentially eluted with chloroform and ethanol
in a Soxhlet extractor using 250 ml of each solvent.

Chlo-

roform was first added to a boiling flask containing several
berl saddles, and the carbon was extracted for 48 hr (450
extraction cycles of 6 ± 0.5 min each).

The apparatus was

allowed to cool for 15 min, the thimble containing the carbon
was removed and placed in a beaker to drain, and the drained
solvent was returned to the boiling flask.

The thimble and

activated carbon were then placed back in the extractor and
dried by blowing air into the siphon tube of the extractor.
Ethanol was added to another boiling flask and the carbon
was eluted for an additional 48-hr period (450 cycles of
6.5 ± 0.5 min each).

The apparatus was cooled, the thimble

and carbon were drained, and the collected ethanol was returned to the flask.

The boiling flask containing the

solvent-trace organics mixture was connected to the Graham
condenser of a stripping apparatus, and the excess solvent
was distilled off until less than 20 ml of the mixture remained.
The residual solvent-extract mixture was filtered
through a fine glass-sintered funnel.

This step, which was
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an exception to the procedure outlined by Buelow, et al.

{7),

was employed to remove any carbon fines and suspended material present.

The filtrate was collected in a filtering

flask and transferred to a tared vial.

Additional solvent

was used to rinse the boiling flask, filtering funnel, and
filtering flask, and the rinses were added to the vial.

The

solvent extract mixture was evaporated to dryness by blowing
oil-free air into the vial.

Usually 24 hr of drying were

required, but occasionally more time was needed because the
content of a vial would still flow upon tipping the vial.
After air-drying, the extract and vial were weighed on
an analytical balance and then placed in a dessicator for
24 hr after which they were weighed again.

This procedure

was repeated until the CCE and CAE concentrations, calculated to the nearest 0.001 and 0.01 mg/1, respectively, were
found to be constant.

The following formula was used for

the calculations.
CCE or CAE = [" (A-B)
where,

D10 0 0] - C. mg·;· l

weight of vial plus extract, g
tare weight of vial, g
= weight of CCE or CAE avg blank, mg
= volume of water sampled, 1

A =
B =

c

D

B.

X

REMOVAL OF TRACE ORGANICS IN WATER TREATMENT
Trace organics are odorous and potentially toxic con-

taminants in drinking water supplies, and therefore their
fate during water treatment should be investigated.

Since

coagu1ation and chlorination are processes applied at many
water treatment plants, their ability to remove trace
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organics was of interest.

1.

Water Source
The water used in this study was obtained from the

Capital City Water Treatment Plant in Jefferson City.

It

was collected in 5 epoxy-lined 30-gal (114-1) drums and 2
10-gal (37.8-1) stainless steel cans.

The water was sampled

on 3 different occasions (January 19, March 31, and May 25,
1973), and each time approximately 110 gal (416 1) of raw
Missouri River water were collected from the presedimentation basin, and 35 gal (132 1) of filtered water were
taken from the clear well.

A flow diagram of the Jefferson

City plant, showing the type of treatment provided and the
sampling locations used, is presented in Figure 3.
On March 31, a sediment sample was withdrawn from the
sludge draw-off line from the primary sedimentation basin;
this sample was used to measure the presence of trace organics on turbidity-causing particles.

It would have been

preferable to take this sample from the presedimentation
basin, however, this was not possible since this basin
drained directly into the Missouri River.
2.

Water Characterization
In order to evaluate the quality of the water samples

used in this study, their total and calcium hardness, alkalinity, COD, ammonia-nitrogen (NH3-N), turbidity, and pH
were determined using the methods outlined in Standard
Methods

(8).

Total and

ca1ci~

hardness were measured by the EDTA
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titrimetric method (8, p.84 & 179).

A standard solution of

the titrant, disodium ethylenediamine tetraacetate (EDTA) ,
was used to complex the calcium and magnesium ions; Ericchrome Black T (at a pH of 10) served as the indicator for
total hardness, and Eriochrome Blue Black R (at pH of 12 to
13) as an indicator for calcium hardness.
Alkalinity was determined by titration with a 0.02N
sulfu~ic

acid solution (8, p. 52).

If the pH of the water

were above 8.3, titration was carried first to phenolphthalein end point (measuring the hydroxide and one-half of the
carbonate alkalinity) and then to the methyl orange end
point (measuring the remaining one-half of the carbonate and
the bicarbonate alkalinity).

In this manner, both the

phenolphthalein and the methyl orange or total alkalinity
were determined (if appropriate).
Chemical oxygen demand was measured (8, p. 495) by
refluxing for 2 hr a mixture consisting of 20 ml of sample,
10 ml of a 0.025N potassium dichromate solution, 30 ml of
concentrated sulfuric acid containing silver sulfate, and
0.4 g of mercuric sulfate.

The mixture was then cooled, and

the excess dichromate was titrated with a O.OlN ferrous
ammonium sulfate solution.

A blank sample was also run in

the same manner.
Ammonia-nitrogen was measured using a preliminary distillation step (8, p.224), in which ammonia was steamdistilled from 500 ml of sample with 10 ml of phosphate buffer, followed by a nesslerization finish (8, p. 226).

The
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distillate was collected in an erlenmeyer flask containing
50 ml of a boric acid solution, and nessler reagent was
added to 50.0 ml of the collected distillate.

The absorbance

of the resulting color was measured on a spectrophotometer*
at 420

m~,

and the NH3-N was determined from a calibration

curve.
Turbidities in excess of 25 units were measured by
means of the Jackson candle turbidimeter (8, p. 353), while
values less than 25 units were determined by means of a Hach
laboratory turbidimeter.** . The pH was measured with a pH
meter# which was calibrated before use with a phosphate
buffer solution.
The characteristics of the various raw and filtered
water samples used during the course of this study are summarized in Table I.
3.

Procedures
In order to simulate the treatment that would be applied

in a treatment plant and determine its effect on trace organics, coagulation and chlorination studies were performed.
In the coagulation studies, raw water was coagulated at different dosages including the optimum, while in the chlorination studies the water was chlorinated at the dosage necessary to yield a free residual of approximately 2.0 mg/1.

Spectronic 70, a product of the Bausch & Lomb Co., Rochester, NY.
** Model 1860A, a product of the Hach Chemical Co., Ames, lA.
Fisher Accumet, a product of the Fisher Scientific Co~,
Pittsburgh, PA.

*

*
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Table I.

Date

Source

pH

Water Sample Characteristics

Turbidity
units

mg/1

NH3-N
mg/1

14.4

0.002

COD

Raw

7.8

900

Filtered

9.7

0.3

Raw

7.8

800

20.4

Filtered

9.4

0.3

8.2

Raw

8.0

300

8.6

Filtered

10.0

0.3

5.3

Alkalinity
Hardness
Total
Calcium
Total
Phenol
mg/1 as CaC03
179

0

200

161

51

29

123

100

112

0

158

123

38

11

99

91

177

0

247

184

31

17

122

100

1/19
0.01

3/31

5/25

0
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The 0-CA method was then used to measure the trace organic
concentrations in the treated water.
Studies were also made to evaluate the possible interference of turbidity with the 0-CA method by determining
the ability of activated carbon to adsorb turbidity-causing
particles and measuring the trace organics adsorbed on sediments.
a.

Coagulation Studies
Jar tests and zeta potential (ZP) studies were used to

find the optimum coagulant dose.

Jar tests were performed

by placing a series of 6, 1-1 beakers containing 750 ml of
sample under a variable-speed multiple laboratory stirrer.*
Analytical grade ferrous sulfate (Copperas,
aluminum sulfate [Alum,

Al2(SO~t)3.l8H20]

FeS ·O~t.7H20)

and

were the 2 coagulants

applied; when copperas was used, the pH of the sample was
raised with calcium hydroxide [lime, Ca(OH)2) to 8.5, the
level necessary to oxidize the iron to a trivalent state.
The coagulant under study was added to the series of beakers
at different dosages; the samples were then mixed at 100 rpm
for 10 to 20 sec, flocculated at 30 to 40 rpm for 20 min,
and settled for 30 min; the turbidity of the supernatant was
measured; and the optimum coagulant dose was determined.
In the coagulation studies based on ZP measurement, 750
ml of sample were placed in a 1-1 beaker and the coagulant
was added in known increments.

*

A product of

th~

The sample was rapid-mixed

Phipps & Bird Co.# Richmond, VA.
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~00 ~pm

at

15 min~

wa$

a DC

~locculated

at 30 to 40 rpm for

and the co~gulant dose corresponding to the lowest

con~idered

dete~nt,ined
Q~

and

The ZJ? o~ th_e Sall\J?le was determined after each

a. ddition~
Z~

~in

for 1

to be

opti~umt

Zeta potential values were

on a.n electroi?horetic apparatus* which consisted

I?O~er

source( volt meter, electrophoresis cell, elec-

trqde?. ~· s.te.reoscop.ic microscope, illuminator, and timer.
Th_e

ye~oci.ty

tropho~es. is

Q:(

the tloc particles was measured in the elec-

cell under a potential difference of 200 v be-

bween a platinum cathode and molybdenum anode.

The elec-

trodes cQntacted the water in solution chambers located on
both_ ends of the cell and a transparent 4-nun tube connected
these chambers.

The stereoscopic microscope, operated at a

120 power magnification and equipped with an ocular micrometer, was used to track the particles in the illuminated tube
of the electrophoresis cell.

The particle velocity was deter-

mined by measuring the time i t took for the particles to travel
a certain number of micrometer divisions, and was then used to
calculate the ZP of the sample by means of the following
equation.
Z = 41Tnll
XE
where,

*

z =
E =
n =
X =
ll =

zeta potential, v
dielectric constant, , 7 9. 7 at 2l°C
visocity of the medium, 0.00978 poises at 2l°C
applied potential gradient, 20 v/cm
electrophoretic mobility, em/sec

zeta ~eter, a produ~t of Zeta Meter Inc., New York, NY.
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After the optimum coagulant dose had been established,
the effect of coagulation on the trace organics content of
the raw water was evaluated.

A volume of 60 1 of raw water

was coagulated at the optimum dose, and a series of 30-l
portions were coagulated at a range of doses, including the
optimum.

The water was treated in the epoxy-lined sample

drums using a variable speed, heavy duty mixer* for a 1-min
rapid mix and manual paddle-stirring for a 20-min flocculation period.

The sample was allowed to settle for 30 min,

and the 0-CA method was then applied to the supernatant to
determine the residual CCE and CAE concentrations.
b.

Chlorination Studies
The chlorine demand of the raw river water, or the

difference between the chlorine dose applied and the total
chlorine residual at the end of 15 min, was first determined;
and the findings were used to select the chlorine concentration which was used to treat the water in the chlorination study.

Free and combined available chlorine residuals

were measured by the orthotolidine arsenite method (8, p. 123).
Orthotolidine was added to an appropriate volume of sample
and was mixed; this was immediately followed by the addition
of the arsenite solution when free chlorine was measured,
or the mixture was allowed to set for 5 min when combined
residual was determined.

*

The color which developed was read

Lightnin M.O del 10, a product of the Mixing Equipment Co. ,
Inc. , _Des P·laines, IL.

34

in a color comparator* to determine the corresponding chlorine concentration.
The laboratory method, as outlined in the Standard
Methods (8, p. 144), was employed in determining chlorine
demand.

A standard chlorine solution was obtained by

bubbling chlorine gas through distilled water and standardizing against a sodium thiosulfate solution, using the
iodometric method (8, p. 110).

The standard solution was

added in doses ranging from 1 to 8 mg/1 chlorine at 1 mg/1
increments to 8 erlenmeyer ·flasks containing 200 ml of
sample.

The flasks were stoppered and stored in the dark

for 15 min, and then the free and available chlorine residuals were measured.

A plot of chlorine applied versus chlo-

rine residual was made, and was used to determine the chlorine dose which resulted in a free residual of around 2 mg/1,
approximately the value found in the clear well of the
Capital City Water Treatment Plant.

This dose was selected

for the chlorination study.
The effect of chlorination at the selected dose and for
varying periods of time on the trace organic concentration
of the raw river water was then determined.

A volume of

60 1 of water was chlorinated and immediately passed through
the minisampler.

In addition, a series of 30-1 portions were

chlorinated and passed through the minisampler at 24-hr
intervals.

*

The water was treated in the sample drums using

A product of Wallace and Tiern.an Inc. , Bellville, NJ.
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the heavy duty mixer to disperse the chlorine.

The 0-CA

method was completed, and CCE and CAE were determined for
the treated waters.
c.

Adsorption Studies
The following experiment was devised to evaluate the

ability of activated carbon to adsorb turbidity-causing
particles.

One hundred-ml volumes of the raw water were .

placed in 10 erlenmeyer flasks with 12 g of the Filtrasorb
200 activated carbon, and the flasks were clamped on a
wrist-action shaker* operating at 300 cycles/min.

Samples

were taken off the shaker periodically, centrifuged** to
remove carbon fines, and the turbidities of the centrates were
measured.

In an effort to relate turbidity values with the

number of particles in the sample, 1 ml of the sample was
placed in a Sedgwick-Rafter counting cell and the particles
were counted under a microscope*, equipped with an ocular
micrometer, at 200-power magnification.
d.

Sediment Extraction
Sediment from a raw water sample used in this study and

sludge obtained from the primary sedimentation basin of the
Jefferson City plant were extracted in the same manner as the
activated carbon in the 0-CA method.

The sediments were first

oven-dried at 40 ± l°C and weighed amounts were placed in an

* A product of the Burrell Corp., Pittsburgh, PA.
** An ' International Model UV~entrifuge was used; it was a
product ·o f · the International Equipment Co. , Needham Heights,
,M.A.

..

Dynazoom, a ; product of the Bausch & Lomb Co., Rochester, NY.
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extraction thimble packed with solvent-rinsed glass wool.
The sediments were then extracted with chloroform and alcohol, and the results were reported in mg of CCE or CAE/ g
of sediment.

C.

SUMMARY OF INVESTIGATION
The experimental studies conducted in this investigation

and the procedures employed are summarized in Figure 4.
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IV.

PRESENTATION OF RESULTS

The data presented in this section were obtained from
studies conducted on 3 water samples collected on January 19,
March 31, and May 25, 1973, at the Capital City Water Treatment Plant in Jefferson City.

The presentation of the

results has been organized to reflect the effect of treatment
on trace organics, the effect of turbidity on the 0-CA method,
and coagulation and chlorination studies, which were the main
aspects of this investigation; in addition, the relationship
of COD to trace organic concentration is shown.

Table II

gives a summary of the various studies and indicates how
each sample collected was used in obtaining these results.
A.

EFFECT OF TREATMENT ON TRACE ORGANICS
Several treatment methods were applied to 60 1 of raw

river water, including settling for a 4-wk period in a
sample drum, coagulation with 120 mg/1 copperas after pH
adjustment to 8.5 with lime, softening with excess lime
followed by coagulation with 120 mg/1 copperas, and chlorination at a dose of 5 mg/1.
Table III.

The results are shown in

The concentration of trace organics was also

measured in the river water to serve as a basis for determining the effectiveness of the various treatment steps, and
in the filtered water to evaluate treatment as applied by
the Capital City Water Treatment Plant.

Because the pH of

the laboratory-treated water was considerably lower than of
the plant-treated water, the pH of the filtered water

Table II.

Sample
Source
pen..eeted

Raw

1/19

Filtered
. ...

~

._

--

..

3/31

....

Investigations

1/20-3/28

0-CA CCE & CAE determinations; effect
of treatment, (settling, excess lime
softening & coagulation with copperas)
Adsorption study
Coagulation study with copperas & lime
Sediment solvent ex.traction

1/29-2/20

0-CA CCE & CAE determinations

1/20-3/28
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of Investi_gation:

Results Re_2orted
Table No. Figure No.

III

4

IV

N/A

5
6
N/A

III

4

III

4

IV
VI

5
6
7

v

-·

Raw

4/7-5/22

0-CA CCE & CAE determinations; effect
of treatment (coagulation with copperas
& lime, chlorination)
Adsorption study
Coagulation study with copperas & lime
Chlorine demand study

v

Filtered

4/2-4/7

0-CA CCE & CAE determinations

III

4

Sediment

~/15-5/19

Sediment solvent extraction

N/A

N/A

0-CA CCE & CAE determinations
Coagulation studies with copperas &
lime or alum
Chlorine demand & chlorination study

III

4

Raw
. .....

Period of
Study

· ·~-~~_y

5/26-5/19

5/25
Filtered
All Samples

5/30-6/5
1/20-6/5

v

6

VI

7

0-CA CCE & CAE determinations after pH
adjustment

III

4

Relationship of COD with CCE & CAE

VII

8

Table III.
Sample
Collect- Source
ed

1/19

Raw

F~l-

tered

3/31

5/25

*
**
#
##

Raw
Filtered
Raw
Filtered

Effect of Treatment on Trace Organics_
0-CA Method
1st Pass
Turbi2nd Pass
dity
CCE
CAE
CAE
CCE
Avg .
units Indv . Avg .
Indv ~
Indv ~
Avg . . Indv , Avg ..
mq.~ 1

Treatment

pH

none

7.8

900

Settled*

7.8

1.8

Soft & Coag*" 7.0
i-Coagulated
9.7
none
7.8
none

2.2
2.0
0.3

Coagulated# -Chlorinated#t i - -

20
800

none
none
pH adJusted
to 7.6
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800

9.4

0.3

8.0
7.6

300
0.3

0.354
0.321
0.348
0.402
0. 4.66
0.384
0.407
0.723
0.430
0.·386
0.849
0.333
0.447
0.565
0.702
0.340
0.340
0.220

0.338
0.375

0.565
0.408
0.390
..
0.634
0.280

1.47
1.78
1.62
2.02
2.06
1.56
1.89
2.44
2.16
1.80
1.51
1.70
1.91
2.15
2.44
1.60
1.94
2.46

0.520

0.730

0.042

2.16

0.062
0.020
0.044

0.376
0.825
0.787
0.462
0.032
0.413

1.98

0.068

0.795

0.051
0.005

0.510
1.06

1. 62 .
1.82

o.o

1.80
2.30
2.20

For 4 wk in a sample drum.
Softening by excess lime addition to pH 11.0, coagulation with 120, ·m g/1 copperas,
recarbonation to lower pH to 7.0.
With 120 mg/1 copperas.
With 5 mg/1 chlorine for 15 min.

0.438
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collected on May 25 was lowered to 7.6 to ascertain whether
the pH difference was significant in the recovery of trace
organics.
In order to appraise the efficiency of the minisampler
to quantitatively recover the organics present in a sample,
on several occasions the column effluent collected in the
volumetric drum was passed again through the sampler, after
the activated carbon in the column had been changed.

In this

manner, the 0-CA method could be applied twice in succession
to the same water sample, and the 2nd application could be
used to evaluate the 1st application.

These 2 successive

applications are designated in Table III as 1st Pass and 2nd
Pass.
The effect of treatment on the concentration of trace
organics was found to be inconsistent, although it tended to
be ineffective (Figure 5).

The trace organic content (1st

Pass) of the January 19 raw water increased following treatment with the exception of the CAE value measured for the
coagulated water.

Furthermore, the CCE and CAE of the

filtered water (0.565 and 2.16 mg/l) were 67 and 33 percent
greater than the corresponding values in the raw water
(0.338 and 1.62 mg/1).

On the contrary, studies with the

raw water collected on March 31 indicated that both coagulation and chlorination lowered the CCE and CAE (ist Pass)
concentration.

The raw water CCE and CAE (0.408 and l.98

mg/1) were reduced following coagulation by 14 and 24 percent,
respectively; while after chlorination these values were
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Type

Softened

Pre-

of

Row

treatment

Settled

Coaguloted

8 Coagu- Fi It ered·
lated

-

0.6~

CCE

-

.,.,

'0
E

0,4-

~

-

.,

,........

...

lLI
0

(..)

-

o. 2~

o.o
Treated"
0

o~
'

Raw

100

114

I I I

137

167

-

3.0~

CAE

-

..

lLI

c(
(.)

-

I .0 ~

o.o
lot.0 T r e at e d,.
Raw

10 0

112

Sample
Collected

96

127

133

1/19/73

• f»ercentaoe ia for I at-Paas value.

Flture 5. Effect of Treatment on Trace Organics
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Type
of Pretreatment

Raw

Coagulated

Chi or inoted

Filtered

Raw

Filtered

-

0.6~

U)

'

0.4- -

-

0.2~

-

Ct

E

w--

(.)
(.)

o.o

-

0~Treat ed•
0

100

Raw

3.0

86

~

96

155

-

CAE

-

-

( /)

' ca 2.0 ~ ~

-

E

I ,0

0.0
0~Tr e a t e d tf
0

Raw

~-mpl

82

100

~

100

76

e

91

3/31/73

co I I e c ted

116

100

137

5/23/73

* Pet.eentage is for 1st- Pass value.
Figure 5

(Cont),

Ef-fect

of Treatment on Trace Oranica

-
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lowered by 4 and 9 percent.

The filtered water CCE and CAE

were 55 and 16 percent higher than the corresponding raw
water values.

The CCE and CAE of the filtered water collec-

ted on May 25 were 18 percent lower and 37 percent higher
than the raw water values; it should be noted that the pH
of this water had been lowered to 7.6 before the 0-CA method
was applied.
The concentrations of trace organics determined from the
2nd-Pass of the 0-CA method were generally smaller relative
to the 1st-Pass measurements for treat.e d waters than for raw
waters.

It is possible that the apparent increase in the

micropollutant concentration of the treated waters was due
to the improved recovery of the 0-CA method resulting from
the lower turbidity levels in these waters (Figure 6).

This

observation is supported by the fact that settling alone
yielded higher trace organic values than found in the raw
water.
B.

EFFECT OF TURBIDITY ON THE 0-CA METHOD
Interference of turbidity with the 0-CA method might

explain the increased trace organic concentrations measured
in the laboratory and plant-treated water.

As shown in

Figure 6,with increasing turbidity levels the percentage of
organics recovered on the 2nd Pass, compared to the 1st Pass,
increased..

At the very low turbidities of the filtered

waters, the CCE recovered on the 2nd Pass was 6.1 percent
or lower of the 1st-Pass value; the percentage jumped to 10
at the turbidity of 1.8, and was generally around 16 for
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Type
of Pretreatment
Turbid i t y
units
0.75

Filtered
0.3

Soft

SettIed

Coao

8

1.8

2.0

Coo a
2.2

Raw
300

800

900

~

CCE

-

o. 60-

-

.,.,

~

..........

--

C'

E 0.40
...

~
~

-

1/)

r---

~

-

I.&J

u

~-

-

~

~%

~

%
%

0

%1~
%
t0

0.20
1/)

en

8!.

'0

c:
C\.1

o.o
o1c0 2nd Po ss

1st Po ss
3.0

a.

..........

~

1171
1.5

10.5

16.2

~

.~
0.0

15.0

17.6

147

CAE

-

0

-

6. I

4.9

~

2.0

f7J

.r2l

-

.... en

-

r---

,...--

-

~

-

,...--

..

~

I.&J

4

u

I. 0

"'"'

'0

c::

C\J

o.o
0

v::
~

/c0 2nd Po IS

1st Pass 24.4

Somp I e
Collected

1/19

-

~

~

v:

r%
16.9

~

~
~~

~
~

50.6 18.6

50.4

~
~
5/25

1/19

~

~
%
% ~
40.5 31. 9

~

~
~
44.2

5/25 3/31

Figure 6. Effect of Turbidity on the 0-CA Method

~

~
49.5

1/19
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turbidities of 2.0 and above, with the exception of the 147
percent recovery at the turbidity of 900 and the 0 percent
recovery at the turbidity of 2.2.

For 2 out of 3 of the

filtered water samples, the CAE recovered from the 2nd Pass
was approximately 20 percent of the 1st-Pass concentrations;
and for turbidities of 2.0 and above, this percentage ranged
from 30 to 50.
Adsorption of turbidity-causing particles on the activated carbon could have been the reason for the interference
of turbidity with the 0-CA method.

Adsorption studies were

therefore performed to evaluate this possibility and the
results are shown in Table IV and Figure 7.

Turbidity was

initially removed from the water in contact with the carbon
at essentially a logarithmic rate, however, the rate gradually decreased to zero (after 10 min of contact time in the
case of March 31 raw water).

The number of particles in the

water also generally decreased with contact time (10,850 to
800 particles/ml in 15 min for the March Jl study), but the
accuracy of the counting method using the Sedgwick Rafter
cell was not very good because of the impossibility of
focusing over the entire depth of the cell and the uneven
distribution of particles.
Turbidity might have also interfered with the 0-CA
method by contributing organics that were adsorbed on the
turbidity-causing particles.

To investigate this possibility,

sediments were solvent-extracted to determine their organic
content, and the resulting chloroform (CE) and alcohol (AE)
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Table IV.

Source
of
Sample

Adsorption of Turbidity-Causing Particles
on Activated Carbon
Carbon Contact Time
Dose · W·i th .. Carbon
g/100 ml

Raw
(3/31)

12
Raw
(5/25)

min
0
1
5
10
30
0
1
2
3
4
5
6
8
10
15
30

Residual*
Turbidity Particles
No./ml
Units
32
30
7.2
2.0
2.7
53
33
21
15
13

7,430
4,100
550
2,580
10,100

9

8.2
5.5
4.3
3.5
5.8

10,850
6,320
6,300
800
7,200

* Measured after centrifuging to remove carbon fines.
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C arbon Dose I 2

Residual
'
0
0

''

''
'

'

o /I 00 m I
Particles

,

....

\

rRaw (5/25)

\
\

~
0

\
\
\
\

z

\
\
\

\
\
\

-

\
\
\

,'

\

~

\

0

,., '""''\_Raw (3/31)

\

Q.

\

\

\

,""',
\y
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""'"""
Residual

Turbidity

2

en

'\

'' \

''

------- ----

\

\ ................................. ----\.Row

(~I)

'L-------~--------~------~:-------~~----~~------~~~
0
S
IS
20
25
30

Contact Time, min
Figure 7.

Adsorptloft of Turbidity-Causing Particles
on A cti vat ed Carbon
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extract concentrations are shown below:
Trace Organics
mg/g sediment
mg/1 water*
CE
AE
CE
AE

Date
Collected
1/19*
3/31**

1.77
3.27

1.60

1.38

1.25

5~06

Obtained by settling the raw water in a sample
drum for 4- wk.
** Collected from the primary sedimentation basin
of the Capital City plant.
Based on an estimated sediment content of the
raw water of 780 mg/1.

*

C.

COAGULATION STUDIES
The purpose of the coagulation studies was to evaluate

the effect of coagulant type and dose on trace organic concentration, and to determine the optimum coagulant dose for
use in water treatment studies.

Zeta potential studies and

jar tests were performed on the raw water using copperas
(applied at pH 8.5) or alum over a wide range of doses; CCE
and CAE concentrations were determined at different doses
within this range and the results are given in Table V and
\

Figure .8 .

When the water collected on January 19 was tested,

minimum turbidity in the jar test occurred at 120 mg/1; however, the zeta potential was not at a minimum level until a
dose of 140 mg/1 had been applied.

The optimum coagulant

dose used in treatment (Table III) was selected from the jar
test.

In the remaining coagulation studies the optimum

coagulant dose was the same for both the zeta potential and
jar tests.
The CCE concentration of the raw water collected on
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Table V.
Source
of
Sample
Raw
(1/19)

Raw
(3/31)

Raw
( 5/25)

*

Effect of Coagulation on Trace Organics

Coagulant
Type

Dose

ZP

mg/1

mv

80
100
120
140
160
80
90
100
120
Copperas 140
150
160
180
80
. 90
100
120
140
150
160
180
120
140
150
Alum
160
180
210

Treated Water
Turbidity
units
pH

-10.3
- 9.5
- 8.5
- 8.2
- 8.3
-12.8

8.0
3.7
2.0
7.6
9.2
38

-12.8
-10.6
-12.5

35
20
24

-12.5

29
39

0-CA Method
CCE

CAE

mg/1

0.421

1.86

0.407

2.01

0.328

1.65

0.304

2.01

7.5

0.167

4.66

7.1

0.218

3.30

7.0

0.244

4.80

6.9
7.0

0.204
0.214

3.47
1.91

6.8

*

2.34

6.7
6.7

0.196
0.258

3.70
3.34

-10.3

-

-

8.4
8.2
9.5

-10.3

- 8.2

-

3.6

6.9

- 4.3
0.0
+ 5.5

Sample accidentally lost.

1.6
2.3
1.7
1.8
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Row (3/31) Coagulated with

..•

Copperas 8 Lime

Turbidity

.40

1&1

.35 0
0
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0

Coo g u I an t d o • e
Figure 8 (Cont).

Effect of Coagulation on Trace Organics
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Raw ( 5/25)

Coagulated with

CCE

8
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March 31 decreased, while the CAE value remained approximately
the same, with increasing dose of copperas.

Within the range

of 90 to 180 mg/1 of coagulant, CCE was reduced from 0.421 to
0.304 mg/1 and CAE was approximately 1.8 mg/1.

In coagulation

studies performed with raw water collected on May 25, the
effect of increasing concentration of copperas on the CCE and
CAE values was found to be different.

A maximum value of

0.244 mg/1 CCE was determined at a dose of 150 mg/1; CCE
increased from 0.167 to 0.244 mg/1 as doses between 90 and
150 mg/1 were applied, and decreased to 0.204 mg/1 when the
dose was further raised to 180 mg/1.

The CAE concentrations

varied wildly within this same range of coagulant doses.

It

should be noted, however, that the concentrations of the
trace organics were much different than in the coagulation
study of March 31.

In the earlier study, the CCE concentra-

tions ranged from 0.30 to 0.42 mg/1, compared to the lower
values, 0.17 to 0.24 mg/1, observed in the May 25 study.

On

the other hand, the CAE concentration of the March 31 study
was around 1.8 mg/1, which was much less than the CAE range,
3.5 to 4.8 mg/1, of the May 25 study.
When alum was used to coagulate the raw water collected
on May 25, the zeta potential was reduced to zero at the
optimum coagulant dose.

In the studies with copperas, the

zeta potential was usually at the minimum level at the
optimum dose, but it was never zero.

The CAE concentration

almost doubled, from 1.91 to 3.7 mg/1, as the -alum dose
·£ncreased from 120 mg/1 to 180 mg/1, and then declined
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slightly to 3.3 mg/1 as the coagulant further increased to
210 mg/1.

The CCE values were in the same range as the CCE

concentrations determined in the coagulation study performed
on the same water using copperas.
D.

CHLORINATION STUDIES
Chlorination studies included chlorine demand studies

and a study of the effect of detention time on the efficiency of chlorine to oxidize trace organics, and the results are
shown in Table VI and Figure 9.

Raw water collected on

March 31 and May 25 was used in this study.

Because only a

trace of ammonia was found in the river water, free residual
chlorination was actually applied.

The chlorine demand, or

the difference between the chlorine dose applied and the free
residual at the end of 15 min, was greater for the raw water
hav ing the higher CCE and CAE concentrations (Figure 9).
The effect · of ·chlorine detention time on the CCE and
CAE concentrations of the raw water collected on May 25 is
presented in Figure 9.

A chlorine dose of 5 mg/1 was applied

resulting in a 2.5-mg/1 free residual.

At this dose, the CCE

decreased from 0.36 to 0.25 mg/1 within the first 24 hr of
treatment, and then increased to 0.37 mg/1 in the next 48 hr.
The CAE fluctuated between 2.8 and 1.8 mg/1 during the entire
72•hr period studied.
E.

RELATION OF COD TO CCE AND CAE
To ascertain whether a relationship existed between the

CCE and CAE concentration and the COD of the raw or filtered
waters / Figure 10 has been prepared using data from Tables I
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Table VI.

Source
of
Sample

Raw
(3/31)

Raw
(5/25)

Raw
(5/25)

Effect of Chlorination on Trace O_r g_a _nics

AQPlied
1.0
2.0
3.0
4.0
5.0
6.0
8.0
1.0
2.0
3.0
4.0
5.0
7.0
5.0

Chlorine
Free Residual
mc;;rL_l
0.0
0.1
0.35
1.0
1.5
2.5
5 -.·o
0.0
0.2
1.0
1.4
2.5
5.0
2.5

Contact
Time
hr

0-CA Method
CCE
' CAE
mc/1

0.25

0
24
48
72

0.357
0.248
0.277
0.371

2.46

1.69
2.84
1.81
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Raw

Source
Turbidity
unl ts

20

300

Fi I tared

0.3

800

900

-

1-

-

-

-

0

0.340

CCE

4.0

0.338
2.4

0.408

0.280

0.634

2.0

5.3

7.7

CAE

-

20 -

'e
..

~

-

~

0

0

0
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-
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-
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° COD
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~
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Rei at I onshi p
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2.30

9.7

41.5

28.0

3/31

5/26

3/31

of COD with Trace Organics
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(COD) and III (trace organics).

In general, COD increased

with increasing concentrations of CCE and CAE when the raw
and filtered waters were considered individually.

However,

a linear relationship was not found; the CCE and CAE of the
raw waters collected on January 19 and May 25 were approximately equal and yet the COD of these waters varied by 6
mg/1 (14.4 and 8.6 mg/1).
CCE or

C~

In addition, the percentage of

to COD for the raw water was always less than the

corresponding percentage for the filtered water.
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V.

DISCUSSION

Water treatment, as applied at the Capital City Water
Treatment Plant in Jefferson City, was apparently ineffective in removing trace organics.

In fact, the CCE and CAE

concentrations in the filtered water were usually higher
than in the raw river water.

Treatment consisted of

settling, excess lime softening, coagulation with copperas,
chlorination, and filtration; in addition, activated carbon
was used when needed to alleviate taste and odor problems
(a carbon dose of approximately 4 mg/1 was being applied
when samples were taken on January 19) •

Table VII sum-

marizes the CCE and CAE recovered from raw and filtered
waters by the 1st Pass of the 0-CA method; the CCE values
in the filtered waters ranged from 82 to 167 percent of the
raw water values and the corresponding range for
116 to 137 percent.

~E

was

As shown in Table VII, the trend of

recovering greater amounts of micropollutants from
filtered water has been observed by other investigators
(39) (40), although the increase was generally lower.

Both

these studies employed a sand filter ahead of the activated
carbon column when raw water was tested, and this differed
from the operational mode employed in this study which
involved no pretreatment but depended on flushing of the
carbon bed to prevent blockage.
The o-CA method used in this investigation has only
recently been introduced in the trace organics area (7)

(9) .
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Table VII.

Recovery of Trace Organics From Raw and
Filtered Missouri River Waters

!l

Location

I'

Year
of
Study

Recovery
Method

1973

0-CA Method

0.338
0.408
0.340

0.565
0.634
o·::28 o

167
155
82

1.62
1.98
1.60

1971

Modified HighFlow CAM*

0.041

0.055

134

0.330 0.155

0.037
0.036
0.033
0. 041
0. 036
0.032

0.039
0.047
0.038
0.036
0.045
0.046

105
130
115
88
125
143

0. 041
0.036

0.048
0.053

117
147

'

!

i

Jefferson City, MO
I'-

Ya:nkton, SD
Omaha, NB
St. Joseph, MO
Kansas City, MO
Lexington, MO
Jefferson City, MO
St. Louis, MO
(lt<>ward Bend)
orth Plant)

*
**

1958

High-Flow
CAM**

CCE
Raw
Filtered
% Raw
mg/1

CAE
Filtered
Raw
% Raw
mg/1
2.16
2.30
2.20

Ref

133
116
137

This
Study

47

39

40

The water was passed through 2 large [0.196-cu ft (5.55-1)] carbon filters in series
with the effluent of the 1st filter acidified to pH 2.5 before it was passed through
the 2nd filter; raw water was pretreated by sand filtration.· Values presented reflect
1st-filter recoveries only.
One standard [0.073-cu ft (2.07-1)] carbon filter was used; raw water was pretreated by sand filtration.
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and was developed to simplify experimental procedures and
enhance recovery efficiency.

The reproducibility of this

technique was therefore of concern, and duplicate runs on a
given sample were made whenever possible.

Table VIII pre-

sents the average value and range (the difference between
the maximum and minimum values) for these duplicate runs and
compares the data with results reported by Buelow, et al.
(7)

for Cincinnati tap water.

For CCE, the raw and settled

water range, averaging approximately 0.04 mg/1, was nearly
the same as the average range found by
mg/1;

howeve~,

Buelo~et

al., 0.03

the range in the CCE concentrations of the

filtered and ch1orinated water, which varied from 0.114 to
0.316 mg/1, was much higher.

The range of CAE concentrations

for the plant and laboratory-treated and the raw water
collected in this study were approximately the same, but
were 2 to 3 times greater than the CAE range (0.18 mg/1)
found in the Cincinnati water.

Since only 1 minisampler was

built for this study, long periods of time of up to 20 days
elapsed between parallel runs; and this might have affected
the concentrations determined.
The increased amount of trace organics in filtered
water cannot be explained by the treatment the water
received.

Coagulation and chlorination of the raw water

collected on March 31 resulted in decreased trace organic
concentrations.

The 1st-Pass CCE and CAE recovered from the

coagulated water were respectively 14 and 24 percent lower
than the corresponding raw water values, while the CCE and
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Table VIII.

Reproducibility of the 0-CA Determination

Sample
Location

CCE
Treatment

Collected

Source

1/19

Raw
Filtered

Jefferson
City, MO
3/31

Raw
Filtered

5/25
Cincinnati, OH

*

Tap

Maximum value minus minimum value.

Avg

CAE
Range

Avg

Range~

Ref

mg/1
None
Settled

0.338
0.375
0.565

0.033
0.054
0.316

1.62
1.82
2.16

0.31
0.40
0.55

0.408
0.390

0.044
0.114

1.98
1.80

0.36
0.21

None

0.634

0.137

2.30

0.29

pH adjusted
to 7.6

0.280

0 .·120

2.20

0.52

0.330
0.503

0.024
0.037

1.03
1.86

0.18
0.18

None
None
Chlorinated

None

This
Study

7
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CAE recovered from the chlorinated water were 4 and 9 percent lower; however, the CCE and CAE values for the
filtered water were 55 and 16 percent higher than the raw
water values.

On the contrary, treatment of the January 19

raw water was generally not effective in removing micropollutants.

Coagulation increased the CCE concentration

(1st Pass) by 14 percent, while decreasing the CAE (1st Pass)
by only 4 percent; and softening in conjunction with
coagulation increased these same values by 37 and 27 percent, respectively.

Surprisingly, plain settling also

increased the CCE and CAE

py

11 and 12 percent, and this

would indicate that the apparent increase in trace organics
with treatment might have been due to the improved recovery
of the 0-CA method at the lower turbidity levels of the
treated waters.

When the turbidity levels were quite dif-

ferent, as in the case of raw and filtered waters, the
improved recovery could have masked the removal of trace
organics and made it appear as if these values increased
with treatment.
Turbidity-causing particles evidently interfered with
the recovery of trace organics by the 0-CA method.

The

percentage of organics recovered on the 2nd Pass of t he
method compared to the 1st Pass generally increased with
increasing turbidity.

For CCE, this percentage was 6 or

less in the turbidity range of filtered water and, with the
exception of 1 value, greater than 10 in . the range of
coagu1ated and raw water; the same value for CAE was near
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20 percent for the filtered water and approximately 20 to
50 percent for coagulated and raw waters.

Blockage of

adsorption sites by turbidity particles is a possible
explanation for this interference.

These particles were

filtered out in the carbon column during normal low-flow
(20 ml/min) operation, and high-rate flushing
was required to clean the carbon.

(400 ml/min)

Physical blockage of the

carbon column between flushing operatiqns could have
hindered the recovery of trace· organics.

The shaker studies

indicated that activated carbon rapidly adsorbed turbidity
particles from solution; in one case approximately 10,000
particles/ml were removed within 15 min.

Since the contact

time of water with the activated carbon in the minisampler
was around 4 min,
be adsorbed.

a significant amount of particles would

These particles could have conceivably blocked

adsorption sites that would have otherwise been available
for trace organics.

Some of these particles must have

desorbed during the flushing operation, or the recovery of
organics from turbid waters would have been more severely
impaired than i t was.

Another effect of turbidity could

have been the transfer of trace organics adsorbed on the
sediment.

Material collected from a sample drum in which

raw water (January 19) had been settled for 4 wk was solvent-extracted and yielded 1.77 mg chloroform extract and
1.60 mg alcohol extract/g of sediment; at an estimated
sediment content of the unsettled water of 780 mg/1, the
corresponding CCE and CAE contribution could have been as
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high as 1.38 and 1.25 mg/1, respectively.

These organics

could have been transferred to the carbon while the water
was in the column, or physically carried by the sediment to
the extractor along with the carbon.

On the basis of this

theory, the presence of turbidity in the water should have
resulted in increased recoveries; yet, settling of the raw
water increased the CCE and CAE concentrations by 11 and 12
percent, while the CCE and CAE recovered from the raw
water were lower than the corresponding values in the
filtered water.

Consequently, blockage caused by the

adsorption of turbidity-causing particles would seem to be
more significant.
The findings of the coagulation studies would indicate
that some type of reaction occurred between the coagulant
and trace organics and that CCE was being removed by precipitation.

When March 31 raw water was coagulated with

copperas, its CCE concentration decreased from 0.421 to
0.304 mg/1 with increasing coagulant doses.

Studies on

May 25 water using copperas or alum again demonstrated that
coagulation reduced the CCE content of the water, however,
the effect of chemical dose was different.

The raw-water

CCE was 0.340 mg/1, and the corresponding values in the
copperas and alum-treated waters ranged from 0.167 to 0.244
and from 0.196 to 0.258 mg/1; no consistent trend was found
between the trace organic concentration and the coagulant
dose.

It should be noted that the CCE values for the

coagulated May 25 raw water were so small that variations
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in the CCE blank value, which was approximately equal to
one-half the extract weight, could account for the variations in the calculated CCE concentrations.

It is believed

that the removal of trace organics by coagulation did not
occur by charge neutralization.

The removal of CCE did not

correspond to the removal of turbidity, and a minimum CCE
value was not obtained at the minimum zeta potential as
would be expected if the mechanism of removal were by
charge neutralization as i t is for turbidity.
Coagulation with copperas or alum increased the CAE
concentrations of the raw water.

When alum was used to

treat water obtained on May 25, CAE increased from 1.60
mg/1 to 1.91 to 3.70 mg/1 with increasing coagulant dose;
addition of copperas resulted in values that ranged from
3.30 to 4.80 mg/1.

On the other hand, coagulation with

copperas of the raw water collected on March 31 yielded CAE
values in the range of 1.65 to 2.01 mg/1 which were approximately equal to the raw-water value (1.98 mg/1).

The

reason for the difference in the behavior of the CAE materials has not been established.
Chlorine also reacted with the trace organics, and
initially reduced the CCE and CAE concentration; however,
its effect over a prolonged detention period was not well
defined.

Chlorination of the raw water sample collected on

March 31 resulted in slightly lower CCE and CAE values (4
and 9 percent less).

Addition of chlorine to the May 25 raw

water decreased · CCE for the first 24 hr (0.357 to 0.248 mg/1)

69

and then increased its concentration over the following 48
hr (0.248 to 0.371 mg/1); the CAE values fluctuated considerably (1.81 to 2.84 mg/1) over the same time period.
The chlorine demand studies and COD data further indicated
that chlorine reacted with trace organics.

The demand at

15 min . was greater for the raw water having the higher
concentration of trace organics, and the CCE or CAE to COD
ratio was much higher for the filtered water than for the
corresponding raw water.

The variable effect of chlorine

with time may in part explain the wide variation in the CCE
concentrations observed when duplicate samples of the
chlorinated and filtered water were analyzed (Table VIII).
The 0-CA method was found to be an appropriate tool in
studying the effect of treatment processes on trace organics
because i t could be directly applied to natural waters.

In

a previous investigation, Dornbush and Ryckman (17) employed
reconstituted and highly concentrated solutions of organics
to study the effect of treatment.

The parameters they used,

which included TO Ho., COD, and absorbance on an ultraviolet
spectrophotometer, were not as meaningful as the 0-CA method
for the following reasons:

certain organic materials are

odorous while others are not; some organics are more resistant than others to chemical oxidation; and absorbance on a
spectrophotometer depends on the chemical structure of the
organic material.

On the other hand, the 0-CA method gives

results in terms of the concentration of trace organics, and
is therefore a more direct measurement.

The 0-CA method
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was proven to be a more efficient means of recovering trace
organics than the high-flow CAM.

The average concentrations

of organic micropollutants recovered at Jefferson City by
the 0-CA method in raw and filtered waters were much higher
than the corresponding values reported by other investigators

(Table VII) •

Turbidity was an inhibiting factor in

the recovery of the trace materials, and was an obstacle to
the evaluation of the effects of water treatment.

A change

in the operational mode of the minisampler might help overcome this problem:

by lowering the flow rate of turbid

water through the minisampler, its efficiency to adsorb
trace organics would be increased and the inhibiting effect
of turbidity would be alleviated.

However, a lower flow

rate would mean a longer sampling period, and it might be
more practical to add another carbon column to the minisampler when turbid waters are .s ampled.
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VI.

CONCLUSIONS

From the results obtained in this investigation, the
following conclusions have been drawn.
1.

The concentration of trace organics (CCE and CAE) determined by the 0-CA method in the filtered water produced by the Jefferson City water treatment plant were
generally higher than the corresponding values in the
raw Missouri River water.

2.

Turbidity-causing particles in the water reduced the
recovery efficiency of the 0-CA method by blocking adsorption sites on the activated carbon, and this effect
was more prevalent in the raw river water.

3.

Chemical treatment processes appeared to be relatively
ineffective in removing the trace organic pollutants
from the water, however, this might have been due in part
to the interference of turbidity with the 0-CA determination.

4.

Chemical coagulation removed €he CCE materials by precipitation; its effect on the CAE materials was variable
and the applicable removal mechanism was not established.

5.

Chlorination initially removed trace organics, but its
effect over a prolonged detention period was variable
and appeared to be a function of time.

6.

The 0-CA method was an appropriate means of evaluating
the effect of water treatment on trace organics; although
subject to turbidity-interference and poor reproducibility with treated waters, i t was more efficient than the
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high-flow CAM and required manageable volumes of sample,
thereby enabling direct laboratory evaluation.
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VII.

RECOMMENDATIONS FOR FURTHER RESEARCH

From the results obtained in this investigation, the
following recommendations for further research are made.
1.

The reproducibility of the 0-CA method should be further evaluated using 2 or more minisamplers to enable
parallel, concurrent determinations.

2.

The feasibility of overcoming the interference of turbidity by changing the operational mode of the minisampler should be investigated; potential improvements
include lowering the flow rate through the sampler and
operating 2 or more carbon columns in series.

3.

The ability of the individual treatment processes, when
operated outside the ranges of conventional application
and especially employed for trace organics removal, need
to be studied.
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